Sporangiophore formation in Physarum plasmodia starts about 10 hr after photoinduction. It is characterized by the induction of two tubulins and of at least 15 major sporangiophore morphogenetic proteins. In vitro translation of extracted mRNA revealed that differential gene expression is based on a highly synchronous temporal program of loss of plasmodial and induction of sporulation-specific mRNA species. Using a cloned cDNA encoding part of a sporangiophore morphogenetic protein from Physarum as a probe it was found that the induction of the complementary mRNA activity is due to the induction of the mRNA itself. The results suggest that light induces, with a lag phase of about 10 hr, the transient activation of sporulation-specific genes.
Numerous developmental processes in microorganisms and plants are controlled by light (1) (2) (3) . The mechanisms of signal transduction and differential gene expression during photomorphogenesis have been studied mainly in plant systems. The appearance of distinct mRNA species after induction by red or UV light in barley and in parsley suspension culture, respectively, is well established (4) (5) (6) (7) . According to the current hypothesis, light-induced gene expression in these systems is controlled at the transcriptional level (reviewed in ref. 8) .
The influence of light on gene expression in fungi and slime molds has been examined mostly at the level of inhibitor studies and overall RNA synthesis (1) . We have chosen light-induced fruiting-body formation (sporulation) in plasmodia of the acellular slime mold Physarum polycephalum as a simple model system in which to study the expression of specific genes during light-induced development of a nonphotosynthetic organism. Sporulation in P. polycephalum is most effectively induced by UV/blue and red light (9, 10) . Sporangiophore formation starts about 11 hr after the beginning of a 3-hr illumination period and is complete after about 20 hr. It includes a presporangial mitosis, cytoplasmic cleavage, and melanization of the sporangiophore heads (11, 12) . Sporangiophore formation is sensitive to inhibitors of RNA and protein synthesis (12) and is accompanied by the synthesis of nonplasmodial RNA as well as of some spore-specific proteins (13, 14) . An unambiguous identification of these proteins, however, has not yet been achieved and nothing is known about the regulation of their expression during fruiting-body formation.
Here we report that light induces a highly synchronous temporal program of mRNA regulation. Two of the photoinduced proteins were identified as tubulins. The cDNA of an unidentified sporangiophore morphogenetic protein (SMP) was cloned and used to demonstrate the induction of the corresponding mRNA sequences.
MATERIALS AND METHODS
Culture Conditions and Induction of Sporulation. Microplasmodia of the white mutant strain LU897xLU898 (15) were cultured as described (16) . Macroplasmodia were grown for 2 days and then starved (17) . Induction was accomplished on the 4th day of starvation by a 3-hr illumination with fluorescent white light (Osram L40W/25-1; 2 W/m2, 220C).
Scanning Electron Microscopy. Samples of sporulating plasmodia were cut out together with the paper support and immediately fixed for 2 hr at room temperature in sporulation medium containing 2% glutaraldehyde. The specimens were incubated for several days at 5oC and with three changes of fixative, critical-point-dried, sputtered with gold, and observed in a Jeol JSM-35C instrument at 25 kV.
Labeling, Extraction, and Identification of Plasmodial Proteins. Macroplasmodia were grown on six circular 3-cm paper filters (Schleicher & Schuell, no. 595). Each filter containing an aliquot of the organism was removed and placed on 0.5 ml of sporulation medium containing 120 uCi of [35S]methionine (New England Nuclear; 1000-1200 Ci/ mmol, 1 Ci = 37 GBq). Labeling was stopped by a 1 min incubation with 5% trichloroacetic acid followed by three washes with H20. The material was scraped 'from the filters into 10 mM Tris-HCl (pH 7.5) and precipitated with ethanol at -700C. Protein was extracted with 0.2 M Tris-HCI, pH 7.8/1% NaDodSO4/1% 2-mercaptoethanol/40 mM dithiothreitol at 60°C for 60 min. SMPs were extracted by homogenization of the plasmodia in 40 mM Tris-HCl, pH 7.4/5 mM CaCl2/10 mM MgCl2/1 mM dithiothreitol/0.5 mM phenylmethylsulfonyl fluoride/30% sucrose in a Potter-Elvehjem homogenizer. Prior to electrophoresis, samples were treated with DNase and RNase (each at 50 ,ug/ml). Tubulins were identified by coprecipitation with pig brain tubulin (18) .
Isolation and in Vitro Translation of mRNA. Total RNA was purified by the guanidinium thiocyanate method (19) and translated in vitro using the rabbit reticulocyte lysate system (New England Nuclear). Poly(A)+ RNA was isolated from phenol-extracted RNA (20) using affinity chromatography on poly(U)-Sepharose (21) . The poly(A)+ RNA fraction used for DNA-RNA hybridization blotting experiments was eluted with low salt buffer at 55°C. Identification of in vitrotranslated tubulins was carried out as described for labeled in vivo material. Hybrid-selected translation was performed as described (22) . Protein Separation. Two-dimensional protein separation was carried out as described (23, 24) using 17 x 22 cm slab gels for the second dimension.
Proc. Natl. Acad. Sci USA 81 (1984) Electrophoresis, Transfer, and Hybridization of mRNA. RNA was fractionated in 1.5% agarose gels containing 6% formaldehyde, blotted to nitrocellulose, and baked for 2 hr at 80'C in a vacuum oven. Hybridizations were carried out in 50% formamide/0.9 M NaCl/50 mM NaH2PO4, pH 7.4/5 mM EDTA/0.1% bovine serum albumin/0.1% Ficoll/0.1% polyvinylpyrollidone containing halobacterial DNA (100 ,tg/ml) at 420C for 40-48 hr. Filters were washed twice for 5 min with 0.3 M NaCl/0.03 M sodium citrate, pH 7 at room temperature and twice for 15 min with 30 mM NaCl/3 mM sodium citrate, pH 7 at 500C, air-dried, and exposed to preflashed x-ray film.
Isolation of cDNA Clones. Poly(A)+ RNA was reverse transcribed using avian myeloblastosis virus-reverse transcriptase (Beard) with oligo(dT)12_18 (Bethesda Research Laboratories) as a primer (25) . Double-stranded cDNA was prepared by the use of DNA polymerase I (Klenow fragment) and digestion with nuclease S1. The cDNA was inserted into the Pst I site of the pBR322 plasmid by homopolymeric tailing (dC and dG, respectively), using terminal deoxynucleotidyltransferase. The hybrid plasmid was used to tranform Escherichia coli RR1. Ampicillin-sensitive and tetracycline-resistant clones were selected and further characterized by differential hybridization to 32P-labeled poly(A)+ RNA from induced and control plasmodia. Seven clones that selectively hybridized to RNA from induced plasmodia were isolated. The plasmids were purified and used to identify the corresponding gene products in hybrid-selected translation experiments (26) .
RESULTS
State-Specific Cellular Protein Synthesis. To identify proteins that participate in Physarum photomorphogenesis, sporulating Vlasmodia were incubated on starvation medium containing [ 55]methionine. Four time periods ( Fig. 1) were chosen for incubation: stage 1 (0-4 hr), the photoinduction period; stage 2 (4-8 hr), the postinduction period; stage 3 (11-17 hr), the phase of sporangiophore morphogenesis; and stage 4 (17-22 hr), the period beginning with the melanization of the sporangiophore heads. Parallel control plasmodia were labeled in the dark. The specific radioactivity of total extracted protein decreased significantly from stages 1-4 to about 90%, 60%, 5%, and 1% (for stages 1-4, respectively) of the corresponding dark control values. This result might reflect differences in protein turnover, methionine uptake or pool size, or a combination of these factors (14) . Separation of the radioactive proteins by one-dimensional NaDodSO4/ PAGE resulted in identical labeled protein patterns for stage 1 and stage 2 plasmodia (Fig. 2) . The identity of all major labeled polypeptides from the induction/postinduction period with those from control plasmodia was confirmed by twodimensional nonequilibrium pH gradient electrophoresis (NEPHGE)/NaDodSO4/PAGE (24) (results not shown). The one-dimensional patterns of proteins from plasmodia that had been labeled during stages 3 and 4, however, revealed that during these two periods of fruiting body development distinct stage-specific sets of polypeptides were induced (cf. lanes 3 and 4 in Fig. 2 ) while the synthesis of numerous plasmodial proteins is turned off. The most prominent of those plasmodial proteins that are synthesized at a reduced rate is a 42-kDa species identical with plasmodial actin (unpublished results). The proteins synthesized during stage 4 of development (lane 4 in Fig. 2 ) have a considerably lower average apparent molecular weight compared to plasmodial and stage 3 proteins (Fig. 2, lane 1-3 ). This might in part be due to in vivo proteolysis of the labeled proteins. Some of the proteins, however, comigrate with cell wall proteins isolated from mature spores and are thus not likely to be degradation products (unpublished results).
The radioactively labeled proteins from the morphogenet- 
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Cell Biology: Putzer et A protein patterns from control plasmodia revealed that some 15 major proteins were induced or strongly enhanced during this period of development (results not shown). This class of proteins, termed sporangiophore morphogenetic proteins, was completely extractable in low salt buffer. In Fig. 3 , sections of two-dimensional separations show that three prominent induced spots appear near that of plasmodial actin. Two of these SMPs (T1 and T2, 57 and 50 kDa, respectively) appeared to be tubulins because they could be purified from whole cell extracts by two cycles of assembly/disassembly with pig brain tubulins (data not shown, but see Fig. 5 ). T1 and T2 were occasionally also detected in pulse-labeled extracts from noninduced plasmodia. This might indicate that they are also synthesized at distinct stages of the cell cycle, which proceeds with a high degree of synchrony in an individual plasmodium. T1 and T2 exhibit microheterogeneity, as both proteins consist of two components differing slightly in isoelectric point (around pH 5.3, Figs. 3 and 5 ). The third spot, termed SMP11, was resolved into at least four components of identical Mr. SMP11 was easily detected also in Coomassie blue-stained two-dimensional gels of whole cell extracts and, therefore, appears to be a major cell component at this stage of development.
Differential mRNA Activity. We then asked whether the expression of the SMPs is regulated at the mRNA level. Total RNA was extracted from plasmodia at various stages of development and translated in vitro using rabbit reticulocyte lysate. The translation products were separated by NaDod-SO4/PAGE. A typical fluorogram is shown in Fig. 4 and reveals that many translatable plasmodial mRNAs disappear during fruiting-body development; the most prominent of these codes for a 42-kDa protein identical with plasmodial actin (unpublished results). Note that this mRNA is abundant again in 8-day-old spores, which are ready to germinate. On the other hand, several major sporulation-specific translatable mRNAs are induced in a sequential and transient manner. Apparently, the induction of these mRNAs follows a temporal program that starts at 9 hr-i.e., 2 hr before the onset of nodule formation (Fig. 1B) . We were not able to detect any significant major change in the in vitro translation pattern of total RNA extracted before 9 hr.
The resolution of one-dimensional gels did not allow the in vitro translation products shown in Fig. 4 to be assigned unambiguously to any specific SMP characterized by in vivo labeling of plasmodial protein. To check for the induction of the T1 and T2 mRNAs, the translation products directed by mRNA from various stages of development were separated by two-dimensional isoelectric focusing/NaDodSO4/PAGE (23) . Sections of two representative fluorograms (13- control mRNA) shown in Fig. 5 A and B reveal that the active T1 and T2 mRNAs are present in induced plasmodia but not in control cells. The tubulin-like nature of the T1 and T2 in vitro translation products was confirmed by their coprecipitation from total translated protein with pig brain tubulin. In this experiment, the concentration of T1 and T2 in the supernatant was found to be significantly reduced ( Fig. 5C ) and both proteins were selectively associated with the pellet of carrier tubulins (Fig. SD) . The radiolabeled tubulins in the pellet appear as a doublet on the gel; this is regarded as an artifact caused by the large excess of carrier protein. The identity of the T1 and T2 translation products with in vivolabeled tubulins was confirmed by coelectrophoresis in two- dimensional gels. The T1 and T2 translation products exhibited the same microheterogeneity as that of the in vivo-labeled proteins, indicating the existence of four distinct tubulin mRNAs in our preparation ( Fig. 5 A and C) .
To identify all other SMP mRNAs we examined two-di- Fig. 6 . The series of fluorograms was evaluated with respect to the presence (lines) and absence of individual translation products. Numbering of SMPs is as in Fig. 6A . The presence of T1, T2, and SMP11 is indicated by heavy lines. Times relative to the start of the 3-hr illumination (induction) period and diagrammatic representations of developmental stages (see Fig. 1 ) are given at the bottom of the figure. mensional separations of in vitro translation products from various stages of development using NEPHGE/NaDodSO4/ PAGE (24) . As an example, the translation products encoded by 18-hr mRNA are shown in Fig. 6 . The number of major individual SMP mRNA species induced between 10 and 18 hr of development was 43 and thus exceeded the number of SMPs detected by in vivo labeling of sporulating plasmodia by a factor of about 3. On the other hand, in vitro translation in the heterologous system appeared to be of high fidelity, because, upon coelectrophoresis, all major SMPs comigrated with one of the translation products directed by mRNA from induced plasmodia (results not shown). The series of two-dimensional separations was evaluated with respect to the presence and absence of the individual SMP translation products to get a semiquantitive view of the temporal regulation of the corresponding mRNAs during lightinduced sporangiophore development. The result of this evaluation is given in Fig. 7 , which illustrates that the SMP mRNAs can be classifed in subgroups that are induced at distinct time points of sporangiophore morphogenesis. Some of the induced mRNAs are also found in mature spores (e.g., tubulin T2) but others are activated in a transient manner (e.g., SMP11 and tubulin Ti).
To study the expression of sporulation-specific genes in more detail, we was isolated which contains a 250-base-pair cDNA. pPHS38 DNA selected from a 15-hr mRNA preparation a sequence coding for a 49-kDa protein undistinguishable from SMP11 by two-dimensional electrophoresis (Fig. 8) . Therefore, pPHS38 DNA very likely is homologous to a fragment of the SMP11 gene. As in the case of in vivo-labeled SMP11, the hybrid-selected translation product was also resolved into at least four components of identical Mr but different isoelectric points (Fig. 8A) . pPHS38 DNA was used as a probe in a blot hybridization against mRNA from induced and noninduced plasmodia (Fig. 9 ). Autoradiography revealed that the SMP11 mRNA (1.6 kilobases) was detectable in mRNA from induced plasmodia. In preparations from control plasmodia, a weak mRNA band of identical size appeared only after prolonged exposure of the film (Fig. 9B ). Densitometric scanning of the bands revealed an -30-fold increase in concentration of SMP11 mRNA during sporangiophore formation. There was no indication of an accumulation of high molecular weight SMP11 precursor RNA in the nonpolyadenylylated fraction of RNA from control cells.
DISCUSSION
Physarum plasmodia respond to light with a highly synchronous program of induction of various developmentally regulated mRNAs. Three proteins encoded by photoinduced mRNAs have been characterized in more detail: two tubulins (Ti and T2) and one sporulation-specific protein (SMP11). In contrast to photomorphogenesis in plant systems, the light-induced proteins in Physarum are very likely involved in cytoskeletal or other structural functions in differentiating plasmodia. The syntheses of tubulins T1 and T2 were found to be induced or at least strongly enhanced during fruitingbody formation. However, both tubulins were occasionally also detected in noninduced plasmodia, indicating a possible relation to the plasmodial cell cycle. Their position relative to the actin spot in two-dimensional separations points toward an identity with the tubulins a,1/a, (T2 doublet) and 12/832 (T1 doublet) characterized previously by Burland et al. (26) . These investigators have presented strong evidence that the syntheses of the a1 and P32 tubulin variants increases in the late G2 phase of the cell cycle and precedes the appearance of microtubules in the mitotic spindle apparatus (27) . Therefore an alternative function of T1 and T2 during fruiting-body formation could be their participation in the pre-sporangial mitosis (11) . This interpretation is supported by the observation that maximal T1 and T2 mRNA activity is detected at -13 hr of development-i.e., at the time of the presumptive presporangial nuclear division. The T2 mRNA, on the other hand, is present throughout the whole process of fructification as well as in the mature spores, although at a much lower level in the latter. This might indicate that the T2 tubulin is synthesized not only in plasmodia but also in amoebae, as has been shown for the a, species (26) .
The blot hybridization using SMP11 cDNA reported here suggests that SMP11 is regulated at the level of RNA transcription or, less likely, mRNA stability. Recently, we have found that the RNA polymerase B activity in isolated nuclei increases during the time of maximal SMP mRNA activation (unpublished data). This finding strongly suggests increased transcription of sporulation-specific genes and supports the existence of transcriptional control mechanisms.
